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Abstract-Nonlinear polarization spectroscopy in the frequency domain allows rate constant determinations of fast 
electronic energy and phase relaxations together with characterization of the type of line broadening. Application of 
this method to the BSSO component ofthe isolated B800-850 antenna o f ~ h o ~ o ~ a c ~ e r s ~ h a ~ r ~ j ~ e ~  at room temperature
shows that B850 is inhomogeneously broadened, with homogeneous widths between 30 and 200 cm-l, depending 
on the spectral position of the subfonns. The corresponding phase relaxation times are clearly in the subpicosecond 
range. There is also indication of an up-to-now unspecified 1-5 ps energy relaxation channel per subunit. 
INTRODUCTION 
The light-harvesting antenna of Rhodobacter sphaerozdes 
consists of two functional parts: The core complex LH I, 
called also B875 according to the longest wavelength ab- 
sorption maximum of its complex-bound bacteriochloro- 
phyll Q (BChl),? and the peripheral part LH 11, also char- 
acterized as B800-850 according to the maxima of the two 
BChl Q components contained. 
The ultrafast processes realizing the efficient light har- 
vesting in LH I1 were intensively studied during the last 
decade with the complete photosynthetic apparatus in chro- 
matophores as well as with the isolated B800-850 complex, 
and with a special mutant containing only LH 11. (For com- 
prehensive overview see Scheer and Schneider, and Scheer.’) 
Recent investigations have concentrated on the apparent 
spectral heterogeneity of the BChl 850 absorption band, e.g., 
on the role of a minor component absorbing at 870 nm. This 
compound was found in the LH 11-containing mutant NF 57 
and also indicated in membranes of Rhodobacter sphae- 
roides, but not in the isolated B800-850 complex.’ Hetero- 
geneity of this band is also indicated by different pathways 
of energy transfer from the short and long wave length wings 
of the BChl 850 band to LH I,4.J as well as by two types of 
exciton annihilation found within BChl 850.6 On the other 
hand, low-temperature hole-burning investigations indicate 
homogeneous broadening of BChl 850.’ 
An additional point of more general interest to all pho- 
tosynthetic antennas has come into discussion by recent stud- 
ies on picosecond phase relaxation times T, at room tem- 
perature. Theoretical8 as well as e ~ p e r i m e n t a l ~ , ’ ~  arguments 
for values of Tz as long as several picoseconds were published, 
especially with photosystem I1 membrane fragments (BBY 
particles).” This is rather unexpected and conflicts with the 
usual (incoherent) approach to model the complex 
ond excited state kinetics in antennas. 
picosec- 
In the following, first results will be presented on phase 
relaxation times in B800-850 at  room temperature, obtained 
by the method of nonlinear polarization spectroscopy in the 
frequency domain (NLPF). The values are clearly in the sub- 
picosecond range.$ NLPF signals are also well suited to give 
insight to band broadening and spectral heterogeneity. The 
measurements, concentrated up to now on the BChl 850 
absorption band of the isolated B800-850 complex, show 
inhomogeneous broadening, ie . ,  the B850 component has a 
detailed substructure. The homogeneous widths of the 
subforms depend on  their spectral position within the B850 
absorption band. 
MATERIALS AND METHODS 
Antenna-complex B800-850 
Chromatophores(OD,,, = 50 cm-‘)ofRb. sphaeroides2.4.1. (ATCC 
17023)*2 were solubilized in Tris/HCI buffer (10 mM, pH 8.0) con- 
taining 2% voVvol Triton-BG 10 (Rohm und Haas). After centrif- 
ugation (1 h at 240 000 g) the supernatant was chromatographed 
repeatedly on DEAE-cellulose (DE52 Whatmadsolubilization buff- 
er with only 0.2% voVvol Triton BG 10,SO-500 mMNaCl gradient) 
until the 880 nm shoulder and the shoulder in the region between 
745 to 780 nm had disappeared, and in the sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli,13 using 
gradient gels of 100/0/3% cross-linker to 18%/6% cross-linker) no 
reaction-center polypeptides were detectable. The B800-850 anten- 
na eluted as the last fraction at about 200 mM NaC1. For storage 
the antenna was dialyzed against Tns/HCl (20 mM, pH 8). Before 
the measurements, the antenna was redissolved in LDAO (N,N- 
dimethyldodecylamine-N-oxide) buffer (Tris/HCl [lo M, pH 8.01 
containing 0.1% voVvol LDAO), equilibrated by five to six times of 
freeze-thaw cycles, chromatographed on DEAE-cellulose using LDAO 
buffer (0-500 mMNaCl gradient) and dialyzed against LDAO buffer. 
For the NLPF measurements, samples with OD,,, = 20 were used 
in 0.1 cm sample cells. 
*To whom correspondence should be addressed. 
tAbbreviations: BChl, bacteriochlorophyll a; FWHM, full width at 
half of maximum; LDAO, N,N-dimethyldodecylamine-N-oxide; 
NLPF, nonlinear polarization spectroscopy in the frequency do- 
main. 
$A similar result was obtained with BBY particles at room temper- 
ature by using the NLPF method with probing at 680 nm (D. 
Leupold et a[., unpublished data). BBY samples were kindly pro- 
vided by Prof. G. Renger (TU Berlin). 
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Figure 1. Experimental setup for NLPF measurements. A 1, A2, B 1, 
B2: receivers (photdiode/preamplifier); SM 1, SM2: step motors (dye 
laser tuning); SM4: step motor (sample cell movement); DSO: digital 
storage oscilloscope (PM 3323, Philips); TRG: trigger. 
Nonlinear polarization spectroscopy: Principle and experimental 
set-up 
Nonlinear polarization spectroscopy in the frequency domain was 
introduced to condensed phase investigations of organic compounds 
by Song et al." Birefringence and dichroism in the sample under 
study are created by a linearly polarized pump wave (frequency w, ) .  
The sample is located between crossed polarizers and probed by a 
second wave (w,) linearly polarized at 45" to the pump wave. The 
signal behind the analyzer is the result of nonlinear interaction of 
both waves, which produces a polarization component at wz that is 
orthogonal to the original probe wave polarization. 
In our experimental setup (cf: Fig. 1 and legend to this figure for 
technical details) the intensity of this new component is measured 
under stationary conditions as a function of the frequency difference 
to the variable pump wave. After it passes a monochromator, it is 
detected by a photodiode-preamplifier system and a combination 
of a digital sampling oscilloscope and a boxcar system. Both pump 
and probe waves are realized by homemade grazing incidence dye 
lasers, simultaneously pumped by an excimer laser. The pulse width 
(full width at halfof maximum) is 15 ns, their spectral width is 50.2 
cm-'. For the investigations around 850 nm a solution of the dye 
styryl 9 serves as laser material; the useful tuning range is 810-870 
nm. 
The NLPF measurements were generally made by a pump-to- 
probe intensity ratio of about 50. The photonflux density of the 
pump pulse was usually around 5 x cm-2 s-'; variations up to 
one order of magnitude in both directions were used in case of 
intensity-dependent measurements. 
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Figure 2. Schematic representation of theoretic NLPF lineshapes. 
a: Extremely inhomogeneously broadened electronic transition. b: 
Purely homogenously broadened electronic transition. c: Example 
of an intermediate case. 
Sample cells of 0.1 cm path length were used the minimum di- 
ameter of the interaction volume was 0.015 cm. With a pulse rep- 
etition frequency of 2 Hz, after each pulse the cell was moved per- 
pendicular to the probe pulse propagation by a step motor. Under 
these conditions the photochemical stability of the B800-850 sample 
was found to be excellent if judged by absorption spectroscopy. 
Simultaneously with the NLPF signal, pump and probe powers be- 
fore and pump power behind the sample were measured. There is 
also continuous control of wavelength calibration, based on the op- 
togalvanic effect, as well as Fabry-Perot control ofthe spectral width. 
All measurements were made at room temperature. 
Theoretical approach 
Extraction of the information contained in the measured NLPF 
signal requires fitting to an adequate lineshape function, which is 
obtained by solving the equations of motion for the density matrix 
describing the sample under s t ~ d y . ' ~ . ' ~  Though an adequate model 
especially in case of photosynthetic objects needs inclusion of pro- 
cesses like energy transfer, thermal equilibration, spectral diffusion 
as well as excited state absorption and exciton annihilation, the main 
properties and general features of the NLPF signal can already be 
modeled with simple two level systems (with resonance frequency, 
w,, and longitudinal [TI] and transverse [T,] relaxations). The in- 
homogeneous broadening can be taken into account by integration 
over w, with a proper distribution function In the case of 
extremely inhomogeneous broadening8 the lineshape function, i.e., 
the NLPF signal as a function of Aw = wI - wz, is a symmetric 
function with maximum at Aw = 0 (cf: Fig. 2a). The half width of 
the function is mainly determined by TI ,  the shape of the wings 
mainly by T,. It is noteworthy that in this case ofextremely inhomo- 
geneous broadening the shape of the signal has no relation to the 
maximum of the distribution, i.e., it parallels by no means the overall 
absorption band. 
In the opposite case of pure homogeneous broadening, the NLPF 
signal has two maxima, one again when the tuned pump frequency 
w, coincides with the fixed probe frequency wz, the other when it 
coincides with the maximum of the homogeneous band (cf: Fig. 2b). 
The shape shown in Fig. 2b corresponds to an wz at the low frequency 
part of the absorption band, it is mirrored at the ordinate for w, 
higher in frequency than the band maximum. 
The transition between pure homogeneity and extremely inhorno- 
geneous broadening can be described by a variation of the width of 
the distribution function. One resulting NLPF shape of an inter- 
§Extremely inhomogeneous broadening means that the distribution 
function duo) is constant within the homogeneous width (ho- 
mogeneous width e bandwidth of absorption band). 
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Figure 3. Upper left part: Absorption spectrum of the B800-850 
complex in Tris-HC1 buffer (10 mM, pH 8) containing 0.19’0 LDAO. 
Arrows indicate probe wavelengths for NLPF measurements. Right 
part: NLPF signal from this complex probed at 840 nm and pumped 
between 825 and 860 nm, in comparison with the corresponding 
part of the absorption spectrum. 
mediate case is shown in Fig. 2c. It is obvious that the intensity ratio 
of the two maxima is a good measure of the degree of inhomogeneity. 
In all cases, the actual values of T, and T, can be obtained by 
fitting the experimental function to the appropriate lineshape func- 
tion. For two level systems and the types of broadening discussed 
above, these bandshape formulas will be published in a separate 
paper.16 For three and four level systems with extremely inhomo- 
geneous broading these formulas can be found by Song et al.“ and 
Saikan and Sei.Is 
RESULTS AND DISCUSSION 
With the isolated B800-850 complex of Rb. sphaeroides 
in LDAO, NLPF signals were measured at probe frequencies 
(w,) of 3.606 x lOI4 Hz (832 nm), 3.571 x lOI4 Hz (840 nm) 
and 3.488 x lok4 Hz (860 nm). The positions of these probe 
frequencies within the absorption spectrum of the complex 
are shown in Fig. 3. Also shown in this figure is the NLPF 
signal probed at 840 nm with o, scanning between 825 and 
860 nm. The shape of this signal is nearly symmetric with 
only a small hump on the long-wavelength side. It is note- 
worthy that a similar wide NLPF scanning at the probe wave- 
lengths 832 nm and 860 nm gives neither a maximum nor 
even a significant hump at the maximum of the B850 ab- 
sorption band. This means that the B850 component of the 
B800-850 antenna complex (FWHM = 405 cm-’) is inhomo- 
geneously broadened. Further results from the NLPF signal 
probed at 840 nm are a phase relaxation time T, 1) 50 fs 
and an energy relaxation time TI 1.5 ps. From this a 210 
cm-’ homogeneous width of the 840 nm absorbing subform 
of B850 follows. 
For the NLPF signals probed at 832 nm and 860 nm, 
details of the central parts (experiment and simulation) are 
shown in Fig. 4; the wavelength spread is enlarged in com- 
parison to Fig. 3. At 832 nm the determined T, and T, values 
are 5 ps and 260 fs, which gives a homogeneous width of 40 
cm-I for the subform centered at 832 nm. The corresponding 
values for the subform centered at 860 nm are 3.6 ps, 420 
fs and 27 cm-’. 
Especially the 860 nm NLPF signal shows a lineshape 
asymmetry of the central part, which is different from the 
above-discussed asymmetry as a result of inhomogeneous 
broadening (intermediate case). We also observed a central 
part asymmetry at  the other probe wavelengths by increasing 
the pump intensity. This calls for an extension of the model 
in the above-mentioned sense (cp. Theoreticaf approach 
above). This extension will especially qualify the conclusions 
from the central part of the NLPF lineshapes concerning 
energy relaxation and transfer processes within and between 
the antenna subforms. Therefore at this stage of investigation 
we defer any interpretations of the obtained TI value, which 
varies between 1.5 and 5 ps and does not belong to the 
fluorescence channel. The overall fluorescence lifetime of the 
B800-850 complex ofabout 1 ns’’ is outside the transformed 
time range available with our present experimental setup 
(approx. 20 fs-50 ps). 
It should be pointed out that the present results of inhomo- 
geneous broadening of the B850 absorption band, the wave- 
length dependence of the homogeneous widths and the fem- 
tosecond phase relaxation time within the subforms of this 
antenna at room temperature are independent of this model 
extension. 
The result of inhomogeneous broadening is in line with 
the conclusion by Zhang et al.’ that their finding of excitation 
wavelength dependence of LH2 + LH 1 transfer time “strong- 
ly suggests that B850 is spectrally heterogeneous. . . .” These 
authors underline that their data hardly allow a more so- 
phisticated model. The need for more experimental data can 
be satisfied by NLPF investigations. In this first note on an 
application of this method in the field of photosynthesis, it 
is our aim to indicate the general content of information of 
NLPF, using the B800-850 complex as an example. To get 
a more detailed picture of the structure-function relationship 
with B850 further investigations are necessary (and are in 
progress, e.g., also with chromatophores). On the basis of the 
present experimental data one can only imagine that the 
several B850 subforms represented in the distribution of ho- 
mogeneous subbands over nearly the FWHM of the overall 
B850 absorption band reflect a size distribution of clusters 
of the B800-850 “minimal units” at room temperature. In 
this case the dephasing time depends on the cluster size. At 
low temperature, in line with results from exciton annihi- 
lation, one can assume that these minimal units are (com- 
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Figure 4. NLPF signals of B800-850 complex from Rhodobacter sphaeroides probed at 832 (a) and 860 nm (b). The lower trace is an 
expansion of the upper one, to give details of the wings and the central part, rsp. Both parts have distinct but different weight in calculating 
T, and T,, rsp. (cf: Theoretical approach). 
pletely) uncoupled or they built small but unique clusters. 
This would explain the homogeneous broadening result of 
Small.’ 
CONCLUSIONS 
Within the 850 nm absorption band of the isolated B800- 
850 antenna complex of Rb. sphaeroides distinct NLPF sig- 
nals were obtained at room temperature. They indicate that 
the B850 component is inhomogeneously broadened and has 
much more substructure than found up to now by the B870 
minor form. The homogeneous widths of the subforms vary 
between 210 cm-I (at the B850 band center) and about 30 
cm-I (at the B850 band wings); the phase relaxation time of 
each subform is clearly in the subpicosecond range, varying 
from 50 fs to 420 fs. Also found is an energy relaxation 
channel in the range of some picoseconds. 
A slightly pump-power-dependent weak asymmetry of all 
NLPF signals indicates contributions from processes between 
the subforms (energy transfer, spectral cross-relaxation) and/ 
or exciton annihilation. 
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